Targeted gene expression is a powerful approach to study the function of genes and cells in vivo. In Drosophila, the P elementmediated Gal4-UAS method has been successfully used for this purpose. However, similar methods have not been established in vertebrates. Here we report the development of a targeted gene expression methodology in zebrafish based on the Tol2 transposable element and its application to the functional study of neural circuits. First, we developed gene trap and enhancer trap constructs carrying an engineered yeast Gal4 transcription activator (Gal4FF) and transgenic reporter fish carrying the GFP or the RFP gene downstream of the Gal4 recognition sequence (UAS) and showed that the Gal4FF can activate transcription through UAS in zebrafish. Second, by using this Gal4FF-UAS system, we performed large-scale screens and generated a large collection of fish lines that expressed Gal4FF in specific tissues, cells, and organs. Finally, we developed transgenic effector fish carrying the tetanus toxin light chain (TeTxLC) gene downstream of UAS, which is known to block synaptic transmission. We crossed the Gal4FF fish with the UAS:TeTxLC fish and analyzed double transgenic embryos for defects in touch response. From this analysis, we discovered that targeted expression of TeTxLC in distinct populations of neurons in the brain and the spinal cord caused distinct abnormalities in the touch response behavior. These studies illustrate that our Gal4FF gene trap and enhancer trap methods should be an important resource for genetic analysis of neuronal functions and behavior in vertebrates.
T argeted expression of a desired gene in desired cells, tissues, and organs is a powerful approach to study the function of genes and cells in model animals. In Drosophila, the GAL4 enhancer trap method was developed by using the P transposable element for this purpose (1) . When the P enhancer trap construct that contains a minimal promoter and the yeast GAL4 transcription activator was integrated in the genome and the minimal promoter was activated by a chromosomal enhancer, Gal4 was expressed in a temporally and spatially regulated fashion. Gal4 can activate transcription through its recognition sequence, UAS, and therefore theoretically any genes of interest placed downstream of UAS can be expressed in the Gal4-expressing cells. One important application of this system has been the study of neural circuits and behavior. The tetanus toxin light chain (TeTxLC) cleaves a vesicle membrane protein, synaptobrevin-2, and thereby blocks neurotransmitter release from synaptic vesicles (2) . When transgenic flies carrying the TeTxLC gene downstream of UAS were crossed with enhancer trap fly lines expressing Gal4 in the embryonic nervous system, TeTxLC was expressed in the Gal4-expressing neurons and the embryos displayed uncoordinated muscle movements (3) . Thus, the Gal4-UAS system has been powerful to study neuronal functions in vivo in Drosophila.
Zebrafish is a promising vertebrate model for genetic analysis of development and behavior. In an attempt to develop a targeted gene expression method in this model animal, it has been shown that Gal4 can activate expression of a gene placed downstream of UAS (4, 5) . Despite these promising results, the usefulness of the Gal4-UAS approach in zebrafish has been limited mainly because the availability of specific promoters that can target Gal4 expression to specific cells has been limited. To circumvent this problem, development of an efficient gene trap or enhancer trap method that generates fish expressing Gal4 in specific cells has been highly desired. Implementation of such methods, however, has been hampered by the lack of a transgenesis method that can generate random insertions efficiently throughout the genome. In addition, whereas the Gal4-VP16 fusion gene was used in zebrafish to overcome the weak gene expression activity of the full-length Gal4 (6) , it has been known that expression of Gal4-VP16, a transcription factor with strong activator domains, causes nonspecific toxic effects in vertebrate cells (7, 8) and in zebrafish (6, 9) . Hence, construction of a less toxic transcription activator would be advantageous for largescale screens in zebrafish.
We have been developing transposon technologies in zebrafish by employing the medaka fish Tol2 transposable element. Tol2 is an autonomous transposon that encodes a fully functional transposase capable of catalyzing transposition in the zebrafish germ lineage (10) (11) (12) . Recently, we reported a highly efficient transgenesis method and gene trap and enhancer trap methods by using the Tol2 transposon system (13, 14) . More recently, we and others have taken advantage of these methods to isolate fish lines expressing Gal4-VP16 in specific tissues (9, 15) . In the present study we aim to further develop methodologies in zebrafish that enable targeted expression of a desired gene in desired cells. First, we used an improved version of Gal4 and developed gene trap and enhancer trap constructs and UAS reporter systems. Second, we performed large-scale screens for fish expressing the modified Gal4 in specific patterns and demonstrated that our method can indeed create a large number of such fish efficiently. Finally, we illustrated that our method is applicable to functional studies of neural circuits. Our present study provides a methodology that will facilitate functional studies of genes and cells in zebrafish and therefore increase our understanding of vertebrate development and behavior.
Results
Development of the Gal4FF-UAS System. To avoid the possible toxicity of Gal4-VP16, we created a transcription activator, Gal4FF, that consists of the DNA binding domain from Gal4 and two transcription activation modules from VP16, which consists of 13 aa containing a critical phenylalanine (16, 17) . Injection of Ϸ1 nl of 25 ng/l mRNA encoding Gal4FF into fertilized eggs did not cause any obvious defects whereas injection of the same amount of mRNA encoding Gal4-VP16 caused severe developmental defects (data not shown), indicating that Gal4FF is less toxic than Gal4-VP16. Also, we created the GGFF fusion gene, in which the GFP gene was fused to the Gal4FF gene, to visualize synthesis of the activator protein. We constructed T2KhspGGFF (Fig. 1A) , which contained the 0.65-kb DNA from the zebrafish hsp70 promoter and the GGFF gene, injected a transposondonor plasmid containing T2KhspGGFF and the transposase mRNA to fertilized eggs, and created a transgenic fish line, hspGGFF1B, that carried a single-copy insertion of T2KhspGGFF in the genome and showed GFP fluorescence ubiquitously upon heat shock.
In parallel, we constructed T2KUASGFP and T2KUASRFP, transposon constructs containing the GFP and RFP gene downstream of UAS, respectively, and created the UAS:GFP and UAS:RFP transgenic fish that carried single-copy insertions of these constructs ( Fig. 1 B and C) . We crossed the hspGGFF1B fish with the UAS:GFP and UAS:RFP fish and analyzed the double transgenic embryos. The hspGGFF1B embryo showed GFP expression upon heat shock ( Fig. 1 D and E) . Both of the hspGGFF1B;UAS:GFP and hspGGFF1B;UAS:RFP embryos showed much stronger GFP and RFP expression in the whole body ( Fig. 1 F-I ). These results indicated that GGFF can activate a gene placed downstream of UAS and that the UAS:GFP and UAS:RFP transgenic fish can be used as reporters.
Tissue-Specific Gal4FF Expression in Enhancer Trap Lines. We injected the T2KhspGGFF construct and the transposase mRNA to fertilized eggs and crossed 60 injected fish at first with wild-type fish. The F 1 embryos that showed GFP expression at normal temperatures (Ϸ26°C) were raised. Because in most cases GFP fluorescence generated from GGFF was rather weak (Fig. 1D) , we further outcrossed these fish with the UAS:GFP fish to confirm the GFP expression patterns. During this process, some new patterns were found. In total, we established 29 hspGGFF fish lines that harbored single T2KhspGGFF insertions [supporting information (SI) Fig. 5 ] and caused specific GFP expression patterns in their offspring when crossed with the UAS:GFP fish. We cloned and sequenced genomic DNA flanking the transposon insertions and found that the integration loci were mapped throughout the genome (SI Table 1 ). These analyses clearly identified the insertions that are responsible for the specific GFP expression patterns.
One of them, the hspGGFF15A fish line, harbored a single-copy insertion of T2KhspGGFF in the first exon of the skib gene ( Fig.  2A) . In the hspGGFF15A embryo, GFP expression was hardly detected (data not shown). In the hspGGFF15A;UAS:GFP double transgenic embryo, GFP was restrictedly expressed in the spinal cord, hindbrain, diencephalons, hypothalamus, and dorsal telencephalon (Fig. 2B) . Whole-mount in situ hybridization revealed that the ggff mRNA was expressed in a pattern similar to the GFP expression pattern (Fig. 2D) , indicating that expression of the UAS:GFP gene was activated by GGFF. The skib mRNA was expressed broadly in the central nervous system (Fig. 2E) , which included the regions where GGFF was expressed, suggesting that a putative skib enhancer activated transcription from the hsp70 promoter. When the hspGGFF15A fish was crossed with UAS:RFP fish, RFP was expressed in the hspGGFF15A;UAS:RFP embryos in almost the same pattern as the GFP expression pattern in the hspGGFF15A;UAS:GFP embryos ( Fig. 2C ), indicating that the RFP expression was also activated by GGFF. These studies revealed that T2KhspGGFF can indeed be used as an enhancer trap construct and that our Gal4FF-UAS system can express appropriately any gene placed downstream of UAS.
Large-Scale Screens for Gal4FF Enhancer Trap and Gene Trap Lines.
Because we established the UAS:GFP fish line and found that this line indeed can be used as a reporter, the GFP part of the GGFF protein was not needed anymore. Therefore, we constructed enhancer trap and gene trap constructs, T2KhspGFF and T2KSAGFF, both of which contained the Gal4FF gene ( Fig.  1 A) . First, we performed an enhancer trap screen. We crossed 69 fish injected with a plasmid containing T2KhspGFF and the transposase mRNA with homozygous UAS:GFP reporter fish and identified embryos exhibiting unique GFP expression patterns in their offspring. These fish were raised, further outcrossed, and analyzed by Southern blot hybridization. From this screen, we established 27 fish lines that expressed Gal4FF in specific cells and tissues and revealed that the T2KhspGFF construct can be used for enhancer trapping. It should be noted that GFP expression in the heart at day 1 and in the heart and skeletal muscle at day 5 was observed in these lines in common (data not shown and Fig. 2B ). We think that this common expression should be due to basal transcription activity of the hsp70 promoter.
Next, we performed a gene trap screen. We crossed Ϸ250 fish injected with a plasmid containing T2KSAGFF and the transposase mRNA with homozygous UAS:GFP reporter fish, and we identified embryos exhibiting unique GFP expression patterns in their offspring. These fish were raised, further outcrossed, and analyzed by Southern blot hybridization. From this screen, we established 129 fish lines expressing Gal4FF in specific cells and tissues and revealed that the T2KSAGFF construct can be used for gene trapping. We performed the gene trap screen more extensively than the enhancer trap screen because in the SAG-FF;UAS:GFP embryos the basal GFP expression observed in the hspGFF;UAS:GFP embryos was not detected and the GFP expression patterns were found to be more restricted. This confirmed that the basal GFP expression was caused by the enhancer trap construct itself. Approximately 20% of the SAGFF insertions, however, caused UAS:GFP expression in nonneuronal cells in the spinal cord at days 3-5 (data not shown). We infer that this is probably due to a weak or cryptic enhancer activity contained in the sequence of T2KSAGFF itself.
By performing the gene trap and enhancer trap screens using T2KhspGGFF, T2KhspGFF, and T2KSAGFF, we established a total of 185 fish lines that expressed Gal4FF in spatially and temporally regulated fashions and identified insertions responsible for the expression patterns by Southern blot hybridization. These are a useful resource for zebrafish researchers.
Gal4FF-Mediated TeTxLC Expression Can Inhibit Neuronal Function.
We aimed to perform functional studies by employing the collection of the Gal4FF transgenic fish lines. The tetanus toxin light chain (TeTxLC) gene has been shown to inhibit the neuronal function in transgenic f lies and mice (3, 18) . To examine whether TeTxLC can inhibit neuronal function in zebrafish, we constructed a transgenic fish line that harbored a single-copy insertion of the TeTxLC gene downstream of 5xUAS (UAS:TeTxLC) (Fig. 3A) . At 48 h postfertilization (hpf), wild-type embryos respond to a gentle touch in the tail and escape rapidly from the stimulus (Fig. 3B) . We crossed the UAS:TeTxLC fish with the hspGGFF27A;UASGFP heterozygous fish, which expressed GFP in a large population of neurons in the brain (Fig. 3C) , and performed the touch response assay. Of 54 GFP-positive embryos that carried both hspGGFF27A and UAS:GFP, 30 embryos responded to the touch as well as wild-type embryos, but 24 embryos did not (Fig. 3C) . We analyzed these embryos by PCR. All of the 24 embr yos defective in the touch response were hspGGFF27A;UAS:GFP;UAS:TeTxLC triple transgenic embryos, and 27 of 30 embryos that responded to the touch did not carry the UAS:TeTxLC transgene. Thus, 89% (24/27) of the hspGGFF27A;UAS:GFP;UAS:TeTxLC embr yos showed the behavioral defect, and none (0/27) of the hspGGFF27A;UAS:GFP embryos showed the defect. Furthermore, at 96 hpf, 100% (27/27) of the hspGGFF27A;UAS:GFP embryos showed spontaneous swimming whereas 100% (27/ 27) of the hspGGFF27A;UAS:GFP;UAS:TeTxLC embryos did not. From these results we concluded that, in the hspGGFF27A line, Gal4FF is expressed in neurons essential for motility and Gal4FF-mediated TeTxLC expression inhibited their activities.
Then we crossed 29 hspGGFF, 23 hspGFF, and 69 SAGFF fish lines, a total of 121 lines, with the UAS:TeTxLC heterozygous fish and analyzed their progeny by the touch response assay. We found that the progeny from nine lines showed abnormal behavioral phenotypes (SI Fig. 6 ). We analyzed these embryos by PCR to detect the UAS:TeTxLC transgene and found that 37% (15/41), 89% (24/27) behavioral phenotypes were caused by Gal4FF-mediated TeTxLC expression. We further found that the nine Gal4FF lines could be divided into three groups based on the differences in the phenotypes. The hspGGFF27A and SAGFF73A embryos neither responded to the touch nor showed spontaneous movements (class I) (Fig.  3C) . The SAGFF31B and SAGFF193A embryos responded to the touch and bend but could not swim away from the stimulus (class II) (Fig. 3D) . The hspGGFF15A, SAGFF36B, SAGFF128A, SAGFF158A, and SAGFF206A embryos did not respond to the touch (Fig. 3E ) but could move spontaneously (class III). Among them, the SAGFF31B;UAS:GFP (class II) and SAGFF36B;UAS:GFP (class III) embryos showed restricted GFP expression (Fig. 3 D and E) , suggesting that the specific populations of neurons may be responsible for the distinct behavioral phenotypes. Because these fish carried multiple insertions in the F 1 or F 2 generation, fish lines with single insertions of hspGGFF27A, SAGFF31B, and SAGFF36B were established by performing several outcrosses for generations. The hspGGFF27A insertion is located within a predicted gene encoding a homolog of human ADAMTSL-3 (SwissProt accession no. P82987). The SAGFF31B insertion is located within a gene encoding a homolog of Xenopus X-Myt1 that is involved in neuronal differentiation (19) , and trapped its 5Ј noncoding exon. The SAGFF36B insertion was located Ϸ7 kb upstream of a gene encoding ␤-tubulin.
Visualization of TeTxLC Expression via a CFP Fusion Protein in the
Gal4FF Lines. To visualize the candidate neural circuits whose functions were inhibited by the TeTxLC expression, we constructed a transgenic line that carried a single-copy insertion of the TeTxLC:CFP fusion gene downstream of UAS (Fig. 4A) . We crossed the UAS:TeTxLC:CFP fish with the hspGGFF27A (class I), SAGFF31B (class II), and SAGFF36B (class III) fish and analyzed TeTxLC:CFP expression in the spinal cord. These double transgenic embryos showed essentially the same behavioral phenotypes as the double transgenic embryos carrying the untagged TeTxLC gene, indicating that the TeTxLC:CFP fusion protein can function properly in zebrafish as well as the TeTxLC protein.
We analyzed the hspGGFF27A;UAS:TeTxLC:CFP double transgenic embryo by immunostaining using the anti-GFP antibody, which can bind to the CFP portion of TeTxLC:CFP, and we found that descending hindbrain interneurons were strongly stained by the antibody (Fig. 4B) . Interneurons in the spinal cord were also stained weakly (Fig. 4B and SI Fig. 7 ). Hb9 is a marker for motor neurons (20) . Coimmunostaining using the anti-Hb9 and anti-GFP antibodies showed that TeTxLC:CFP was not detected in motor neurons (Fig. 4C) . These results suggest that the immotility observed in the hspGGFF27A;UAS:TeTxLC:CFP embryo may be caused by inhibition of the TeTxLC:CFP-expressing interneurons.
In the SAGFF31B;UAS:TeTxLC:CFP embryos, the TeTxLC:CFP expression was detected in numbers of neurons located in the ventral part of the spinal cord, which were thought to include motor neurons and interneurons (Fig. 4D) . Coimmunostaining using the anti-Hb9 and anti-GFP antibodies revealed that only a small portion of Hb9-positive cells were detected by the anti-GFP staining (Fig. 4E) , suggesting that TeTxLC:CFP was expressed in a small population of motor neurons and more largely in spinal interneurons. This finding is consistent with the observation that the SAGFF31B;UAS:TeTxLC embryos retained motility and may imply that the abnormal escape movement was caused mainly by inhibition of the spinal interneurons.
In the SAGFF36B;UAS:TeTxLC:CFP embryos, the TeTxLC:CFP expression was detected in the somata of dorsal spinal neurons (Fig.  4F ). Those TeTxLC:CFP-positive somata were also stained with the zn-12 antibody, which specifically stained Rohon-Beard sensory neurons (Fig. 4G) (21) . Therefore, the touch response defect observed in the SAGFF36B;UAS:TeTxLC:CFP embryo is likely to be caused by inhibition of the Rohon-Beard sensory neurons.
Discussion
Gene and Enhancer Trapping Using the Gal4FF-UAS System. In this study we constructed a transcription activator, Gal4FF, and demonstrated that it can drive UAS-dependent expression of reporter and effector genes in zebrafish. In the previous studies, the Gal4-UAS system in zebrafish used the full-length Gal4 (4) or Gal4-VP16 (6). Although Gal4-VP16, which contains a strong transcription activator domain, was used to enhance weak expression observed with the full-length Gal4, developmental defects were observed in 8% of embryos injected with Gal4-VP16 mRNA (6) or 4% of transgenic embryos expressing Gal4-VP16 (9) . On the other hand, we did not observe such toxic effects by using Gal4FF in the following cases: in embryos injected with Gal4FF mRNA, in Gal4FF;UAS:GFP embryos that showed fairly high levels of GFP expression, and in hspG-GFF and hspGFF transgenic embryos treated by heat shock. Therefore, we think that Gal4FF is less toxic and more tolerable for zebrafish cells than Gal4-VP16.
Mosaic (or variegated) expression of a UAS:GFP reporter has been reported; i.e., when Gal4-VP16 was expressed under the control of the islet1 enhancer, GFP was not expressed in all of the islet1-positive neurons (22) . In contrast, we did not observe such mosaic expression in the Gal4FF;UAS:GFP embryos; i.e., expression of the UAS:GFP (and UAS:RFP) reporter was consistent with the Gal4FF expression as revealed by whole-mount in situ hybridization, and the GFP expression pattern was reproducibly the same in individual fish carrying the same single Gal4FF insertion. Although the mechanism that causes mosaic expression is not known, there may be two possibilities. One is a phenomenon termed ''squelching,'' in which overproduction of a strong transcription activator causes inhibition of gene expression (7, 8) . The other is ''gene silencing.'' Because the islet1:Gal4-VP16 and the UAS:GFP fish were created by the plasmid injection method, these constructs may be integrated as concatemers (22) . Expression from such transgenes may suffer from gene silencing. If these were the cases, our present system suffered from neither squelching nor gene silencing because Gal4FF was weaker than Gal4-VP16 and our transgenic fish insertions were created by transposon-mediated transgenesis that should create single-copy insertions.
In this study we demonstrated that both gene trap and enhancer trap approaches can create fish expressing Gal4FF in specific cells, tissues, and organs. Also, we observed GFP expression in various regions of the embryo, indicating that Gal4FF can activate transcription through UAS in nearly all cell types. Although specific GFP expression patterns were observed, we also detected basal expression associated with the trap constructs. In a screen carried out in our laboratory by using an enhancer trap construct containing the 1.5-kb zebrafish hsp70 promoter, we observed basal expression of a reporter in the heart, skeletal muscle, and lens (14) . The lens expression was not associated with T2KhspGFF carrying the 0.65-kb hsp70 promoter, suggesting that the shorter hsp70 promoter did not contain the putative lens enhancer. The gene trap construct T2KSAGFF also showed weak basal expression in nonneural cells in the spinal cord at day 5. Our preliminary result suggests that this basal expression may be caused by the sequence around the splice acceptor (data not shown). At present, we think that T2KSAGFF is superior to T2KhspGFF from the aspect of basal expression.
Inhibition of Neuronal Activities by Using the UAS:TeTxLC Effector
Fish. In this study we discovered that expression of TeTxLC:CFP in distinct populations of neurons caused distinct abnormal behavioral phenotypes. Thus, the UAS:TeTxLC and UAS:TeTxLC:CFP effector fish lines we described here are useful to inhibit neuronal activities in zebrafish. Although we observed basal (background) expression in the gene trap and enhancer trap lines, we isolated only nine lines that showed selectable behavioral abnormalities by screening 121 Gal4FF lines, indicating that the basal expression is not an obstacle for such a behavioral screen. We also noticed that, when the same Gal4FF driver line was used, the CFP expression pattern, which reports the UAS:TeTxLC:CFP expression, always appeared more restricted than the GFP expression pattern from UAS:GFP, likely correlated with the long stability and strong fluorescent intensity of the GFP protein.
The hspGGFF27A;UAS:TeTxLC:CFP embryos showed immotility. These embryos expressed TeTxLC:CFP strongly in the descending hindbrain interneurons and weakly in the spinal interneurons. The previous studies used spinalized embryos created by surgical ablation of the brain to analyze roles of the hindbrain in the touch response behavior (23, 24) . It was shown that even surgically severed embryos could perform a touch response after a recovery time (24) . In the hspGGFF27A;UAS:TeTxLC:CFP embryos, the TeTxLC:CFPexpressing interneurons should include neurons essential for the motility. Thus, the genetic system developed in the present study will allow investigation of such neuronal activities using intact embryos.
The TeTxLC:CFP expression pattern in the SAGFF31B;UAS: TeTxLC:CFP embryo suggested that the abnormal escape movement was caused by inhibition of the interneurons. In this embryo, the CFP expression was also observed in the brain and a small population of motor neurons (Fig. 4E and data not  shown) ; therefore, a possibility that inhibition of these neurons is involved in the phenotype, at least partly, cannot be ruled out. Different subsets of spinal interneurons can be marked by expression of different transcription factors (25) . For instance, in zebrafish, Engrailed-1 and alx (Chox10) are expressed in distinct spinal interneurons, circumferential ascending interneurons, and ipsilateral descending interneurons, respectively. The activities of these neurons during swimming have been studied by electrophysiological analysis of transgenic fish expressing GFP under the control of the En-1 and the alx promoter (26, 27) . To probe the function of interneurons in the spinal cord, inhibiting the activity of each subset in vivo by isolating lines expressing Gal4FF more specifically will be necessary.
The analysis of the SAGFF36B;UAS:TeTxLC:CFP embryo suggested that expression of TeTxLC:CFP in Rohon-Beard sensory neurons inhibited their activity and abolished the touch response behavior. It has been shown by electrophysiological analyses using immobilized Xenopus embryos that Rohon-Beard neurons are responsible for detecting a light touch on the skin and for initiating swimming (28) . Our result is consistent with this notion and provides in vivo evidence showing that the activity of Rohon-Beard neurons is essential for generating escape movements in response to a touch.
In the present study we developed the Gal4FF gene and enhancer trap methods along with UAS reporter and effector systems, demonstrating that targeted expression of Gal4FF resulted in selective expression of the reporter and effector genes in zebrafish. Although we focused on the application of these tools to the analysis of touch response behavior and spinal neural circuits, our method is widely applicable to the study of other neural systems in the intact zebrafish. In addition, our methods offer obvious advantages for developmental biology. In the future, generation and screening of new Gal4FF lines should be performed according to the interests of individual researchers. The current frequency of obtaining Gal4FF gene trap lines is reasonably high (129 of 215 injected fish screened) to permit a small laboratory to efficiently collect hundreds of different patterns. Thus, our present methods will be important for studies of vertebrate neurobiology and developmental biology using zebrafish.
Materials and Methods
Tol2 Constructs. T2KhspGGFF, T2KhspGFF, T2KSAGFF, T2KUASGFP, T2ZUASRFP ( Fig. 1 A-C) , T2MUASTeTxLC, and T2SUASTeTxLCCFP (Figs. 3A and 4A) were constructed based on Tol2 vectors, T2KXIG (13), T2AL200R150G, T2KXIG⌬in (29) , and T2MUASMCS, which contains a synthetic multicloning site downstream of five tandem repeats of the Gal4 binding sequence (5xUAS) and a TATA sequence. The Gal4FF gene (or referred to as GFF) is a fusion of the DNA binding domain from the Gal4 protein and two transcription activation modules (2xPADALDDFDLDML) from VP16. GGFF is a fusion of EGFP and Gal4FF. The zebrafish hsp70 promoter is a kind gift from J. Kuwada (University of Michigan, Ann Arbor, MI) (30) . T2KSAGFF uses a splice acceptor from the rabbit ␤-globin gene (13) . T2KUASGFP, T2ZUASRFP, T2MUASTeTxLC, and T2SUASTeTxLCCFP contain the EGFP gene, the monomeric RFP gene (a kind gift from R. Tsien, University of California, San Diego, CA) (31), the tetanus toxin light chain (TeTxLC) gene (a kind gift from S. Sweeney, Univeristy of York, York, U.K.) (3), and the TeTxLC:CFP (cyan fluorescent protein) fusion gene (a kind gift from A. Craig, Washington University School of Medicine, St. Louis, MO) (32) downstream of 5xUAS and TATA.
Microinjection of mRNA. Microinjection of mRNA was carried out by using PV830 (World Precision Instruments). An approximate volume was determined by measuring the diameter of a sphere of the injected solution.
Construction of Gal4FF Gene Trap and Enhancer Trap Lines.
A plasmid DNA containing T2KhspGGFF, T2KhspGFF, or T2KSAGFF was coinjected with the transposase mRNA into fertilized eggs as described previously (13, 33) . The T2KhspGGFF-injected fish were crossed with wild-type fish. The progeny were analyzed for GFP expression upon heat shock or at normal temperatures. The T2KhspGFF-or T2KSAGFF-injected fish were crossed with homozygous UAS:GFP reporter fish. Double transgenic embryos were analyzed for GFP expression at day 1 and day 5 by using a fluorescence stereoscope (MZ16 FA; Leica) and a CCD camera (DFC300 FX; Leica). For each cross, at least 40 F 1 embryos were analyzed. The integration sites of the transposon insertions were analyzed by inverse PCR and linker-mediated PCR (29, 33, 34) . These transgenic fish are designated as hspGGFF, hspGFF, and SAGFF, respectively.
Construction of UAS Reporter and Effector Fish.
Fish injected with the T2KUASGFP plasmid and the transposase mRNA were crossed with wild-type fish. A Gal4FF expression plasmid DNA was injected to their offspring, and F 1 embryos that showed GFP fluorescence were raised. The F1 fish were further crossed with the hspGGFF1B fish to establish UAS:GFP reporter fish. Fish injected with the T2ZUASRFP plasmid and the transposase mRNA were crossed with the hspGGFF15A fish. F 1 embryos that showed the brightest RFP expression were raised to establish UAS:RFP reporter fish. These reporter fish lines carry a single-copy insertion of the transposon construct and show no detectable background GFP or RFP expression. Fish homozygous for respective insertions are viable and fertile. Fish injected with the T2MUASTeTxLC plasmid and the transposase mRNA were crossed with wild-type fish. Three F 1 fish that carried single-copy insertions at different loci were identified and crossed with the hspGGFF27A fish. The progeny were analyzed by the touch response assay. One of them, which caused the severest motility defects in the offspring, was established as the UAS:TeTxLC effector fish. Fish injected with the T2SUASTeTxLCCFP plasmid and the transposase mRNA were crossed with the SAGFF73A fish that expressed Gal4FF in the whole body. F 1 embryos that showed strong CFP expression were selected and raised to establish the UAS:TeTxLC:CFP effector fish. These effector fish lines carry single-copy insertions of the transposon construct and do not show any behavioral defects in the absence of Gal4FF. The UAS:GFP, UAS:RFP, UAS:TeTxLC, and UAS: TeTxLC:CFP insertions were mapped within genes encoding a homolog of human Nedd4-binding protein 1 (Fig. 1B) , a solute carrier protein (Slc12a8) (Fig. 1C) , myosin heavy chain (Fig. 3A) , and the centrosome and spindle pole-associated protein 1 (CSPP1) (Fig. 4A) , respectively.
Heat Shock Treatment. Approximately 20 -30 embryos at 24 hpf were placed into 500 l of E3 buffer preheated at 38°C on Block Incubator BI-516S (Astec) and incubated for 15 min. After the heat shock treatment, the embryos are transferred to the E3 buffer at 28.5°C. The heat shock treatment causes neither an anomaly nor a decrease in viability.
The Touch Response Assay. The hspGGFF, hspGFF;UASGFP, and SAGFF;UASGFP fish were crossed with the UAS:TeTxLC fish, and double or triple transgenic embryos were analyzed by the touch response assay (35) . Throughout the screen, more than six embryos from each cross were analyzed, and a gentle tactile stimulus at the tail was applied to each embryo at least three times. The images of escape movements were taken by a high-speed digital video camera (FASTCAM-512PCI; Photoron).
Immunohistochemistry and Confocal Microscopy. Primary antibodies used are rabbit polyclonal anti-GFP antibody (1:500 dilution; Invitrogen A6455), mouse monoclonal anti-Hb9 antibody (1:25 dilution; Developmental Studies Hybridoma Bank) (20) , and mouse monoclonal zn-12 antibody (1:250 dilution; obtained from th Zebrafish International Resource Center) (21) . The anti-GFP antibody can recognize CFP. Secondary antibodies used are goat anti-rabbit Alexa Fluor 488 (1:1,000) and goat anti-mouse Alexa Fluor 633 (1:1,000) (Molecular Probes). Embryos were fixed for 2-3 h in PBS containing 4% paraformaldehyde. The samples were soaked in PBS-TX (PBS/0.5% Triton X-100)/10% BSA for 1 h, then incubated in the primary antibody diluted in PBS-TX/1% BSA overnight at 4°C, washed with PBS-TX, and then incubated in the secondary antibody diluted in PBS-TX/1% BSA for 2 h. After a final wash with PBS-TX, the samples were subjected to confocal microscopy using a Zeiss LSM510META laser confocal microscope. Serial sections of the embryo at 1.0 m were processed to make images.
